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duce changes in the trafficking machinery proteins in-
volved in secretory pathways. Accordingly, we analyzed
the expression of a variety of trafficking proteins (Figure
1) at 2 hr (when TNF secretion peaks) and at 24 hr
(after secretion of the early-response TNF has ceased)
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lation between macrophage activation and the related
process of dendritic cell maturation, in which largelyActivation of macrophages with lipopolysaccharide
(LPS) induces the rapid synthesis and secretion of endocytic, immature dendritic cells make the transition
to a mature, secretory phenotype for handling antigensproinflammatory cytokines, such as tumor necrosis
factor (TNF), for priming the immune response [1, 2]. [10, 11].
The LPS response of Syntaxin 4 was of particularTNF plays a key role in inflammatory disease [3]; yet,
little is known of the intracellular trafficking events interest because its increased expression temporally
matched that of TNF, in which there is a 5-fold in-leading to its secretion. In order to identify molecules
involved in this secretory pathway, we asked whether crease in cell-associated protein levels at 2 hr post-LPS
[8, 9]. Syntaxin 4 is known to operate in conjunction withany of the known trafficking proteins are regulated by
LPS. We found that the levels of SNARE proteins were another t-SNARE, SNAP23, and with the Sec1p-like/
Munc18 (SM) protein, Munc18c [5]. Intriguingly, the lev-rapidly and significantly up- or downregulated during
macrophage activation. A subset of t-SNAREs (Syn- els of these proteins were also significantly increased
by 2 hr after LPS stimulation (Figure 1). Changes weretaxin 4/SNAP23/Munc18c) known to control regulated
exocytosis in other cell types [4, 5] was substantially observed in the levels of other SNAREs or SM proteins,
but often with different temporal responses. For exam-increased by LPS in a temporal pattern coinciding with
peak TNF secretion. Syntaxin 4 formed a complex ple, Munc18b, an SM protein previously shown to regu-
late vesicle transport to the apical membrane in polar-with Munc18c at the cell surface of macrophages.
Functional studies involving the introduction of Syn- ized cells [12], was elevated later, 24 hr after activation
(Figure 1). The increased expression of individual Syn-taxin 4 cDNA or peptides into macrophages implicate
this t-SNARE in a rate-limiting step of TNF secretion taxins and SM proteins was also seen by immunofluo-
rescence staining of fixed cells at the various timeand in membrane ruffling during macrophage acti-
vation. We conclude that, in macrophages, SNAREs points. Immunostaining of endogenous Syntaxin 4 (Fig-
are regulated in order to accommodate the rapid onset ure 1C) and of overepxressed GFP-Munc18c (see Figure
of cytokine secretion and for membrane traffic associ- 3B) showed that both proteins are primarily located at
ated with the phenotypic changes of immune acti- the cell surface of macrophages, as they are in other
vation. This represents a novel regulatory role for cell types [13]. Increased staining intensity for Syntaxin
SNAREs in regulated secretion and in macrophage- 4 on the cell surface of macrophages accompanied its
mediated host defense. increased expression levels at 2 hr post-LPS (Figure
1C). There was generally no change in the targeting
Results and Discussion of Syntaxins or SM proteins to the cell membrane in
response to LPS, despite their increased protein levels.
Transcriptional and posttranslational mechanisms initi- A crude fractionation scheme for separating a plasma
ated by LPS through surface receptors ensure a rapid membrane-enriched fraction from low- and high-density
and abundant synthesis of TNF [6, 7]. Newly synthe- membranes [13] also showed that endogenous Syntaxin
sized TNF then accumulates in the Golgi complex and 4 and Munc18c cofractionate with each other and are
is trafficked to the cell surface in small vesicles for secre- mostly associated with plasma membrane (Figure 1D).
tion [8, 9]. LPS activation thus creates a sudden require- The parallel changes in the levels of Syntaxin 4, SNAP23,
ment for increased exocytic or secretory cytokine traffic and Munc18c in macrophages in response to LPS sup-
in macrophages. We reasoned that LPS might also in- port a closely linked or common function for these pro-
teins. Consistent with this idea, we observed that Munc18c
and Syntaxin 4 (Figure 1E) and SNAP23 and Syntaxin 4*Correspondence: j.stow@imb.uq.edu.au
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Figure 1. SNARE Protein Levels Change in Response to LPS
(A) Cytosol (C) and total microsomal membranes (M) (2 g protein/lane), prepared from cultured RAW264 cells after treatment for 2 or 24 hr
with LPS (100 ng/ml), were analyzed by SDS-PAGE and immunoblotting with a panel of antibodies to detect Syntaxins (Syn) and the other
proteins indicated. The sources of the antibodies are as follows: Syntaxin 13 was provided by Rohan Teasdale (University of Queensland);
Syntaxin 2 was kindly provided by Keith Mostov (UCSF); and Syntaxins 6 and 11 (BD Transduction Laboratories, Lexington, NK), synaptotagmin
(Transduction Laboratories), and antibodies to other proteins were made in our laboratories. Protein staining of actin is included as a loading
control.
(B) Average densitometric values from immunoblots from four experiments were used to calculate the relative amount of each protein at
different times. The fold changes in some of the cell surface-associated SNARE and SM proteins are shown in the first graph. In the second
graph, the expression patterns of Syntaxins in exocytic (solid symbols) and endocytic (open symbols) pathways are compared.
(C) Immunofluorescence staining [13] of endogenous Syntaxin 4 on fixed, permeablized RAW264 cells showing brighter staining of Syntaxin
4 on the surface of cells after 2 hr of LPS treatment.
(D) Cell homogenates were fractionated [13] to produce fractions that are enriched for high-density membranes (HDM), low-density membranes
(LDM), plasma membrane (PM), and cytosol (CYT) and that were then separated on SDS-PAGE. Immunoblotting with specific antibodies
detected Munc18c and Syntaxin 4 together in plasma membrane and high-density membranes, while a control, vesicle-associated protein,
GAIP, was enriched in low-density membranes.
(E) Munc18c was immunoprecipitated from cell extracts, and the proteins in the supernatant (SN) and immunoprecipitate (IP) were analyzed
by immunoblotting. Syntaxin 4, but not Syntaxin 2, coimmunoprecipitates with Munc18c in macrophages.
(data not shown) form stable complexes in macro- cleaved by the protease TACE (TNF converting en-
zyme) [14]; this cleavage releases a 17-kDa soluble ecto-phages. When Munc18c was immunoprecipitated from
LPS-activated macrophages, Syntaxin 4, but not Syn- domain and leaves little detectable surface staining of
TNF (Figure 2). Addition of a TACE inhibitor retainstaxin 2, was coprecipitated (Figure 1E). Thus, Syntaxin
4, Munc18c, and SNAP23 form a specific t-SNARE com- newly synthesized TNF at the cell surface [9], where it
is maximally immunostained on fixed, unpermeabilizedplex in macrophages.
To determine if Syntaxin 4 is indeed the t-SNARE that cells (Figure 2B). Next, cells can be permeabilized to
immunostain intracellular, endogenous, or coexpressedcontrols TNF secretion in macrophages, we developed
a functional assay for TNF delivery to the cell surface proteins (Figure 2B). We then set out to use this assay
to measure exocytosis of TNF after blocking the func-in individual microinjected or transfected macrophages.
As previously shown [8], newly synthesized pro-TNF tion of Syntaxin 4. Syntaxin mutants in which the trans-
membrane domain has been deleted have dominant(a Type II membrane protein) accumulates in the Golgi
complex after LPS activation [8], and staining in this inhibitory effects on membrane trafficking [15]. For ex-
ample, overexpression of the cytoplasmic tail of Syn-complex persists at high levels for 4–6 hr and thereafter
diminishes with cessation of TNF synthesis (Figure 2A). taxin 4 in adipocytes inhibits insulin-stimulated GLUT4
trafficking [16]. Here, macrophages were microinjectedNormally, when TNF reaches the cell surface, it is
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Figure 2. Cell Surface Delivery of TNF in Ac-
tivated Macrophages
(A) Immunofluorescence staining of TNF in
fixed, permeabilized RAW264 [9] cells shows
the accumulation of newly synthesized TNF
in the perinuclear Golgi complex 2 hr after
activation with LPS. By 24 hr, TNF synthesis
has ceased.
(B) Staining of fixed, unpermeabilized cells
after treatment with LPS for 1 hr in the ab-
sence or presence of a TACE inhibitor. Newly
synthesized TNF is normally cleaved rapidly
from the cell surface, where it is then difficult
to detect; the inhibitor blocks this cleavage
and results in retention and increased surface
staining of TNF. The single-cell assay for
cell surface delivery of TNF in cells treated
with LPS and inhibitor is shown in the color
panels; cells are stained sequentially to de-
tect surface TNF on unpermeabilized cells
(red), followed by permeabilization and stain-
ing for an intracellular protein, in this case,
the Golgi vesicle-associated protein -adaptin
(green). Both markers are visualized together
in the merged image.
with recombinant fusion proteins corresponding to GST tion between TNF surface staining and the level of
HA-Syntaxin 4 per cell. At low levels of expression, HA-alone or GST fused to the cytoplasmic tails of either
Syntaxin 2 or Syntaxin 4. Cells were then stimulated Syntaxin 4 did not noticeably increase TNF surface
staining, whereas higher (2-fold) overexpression ofwith LPS to initiate TNF secretion in the presence of
TACE inhibitor and were assayed for levels of cell sur- Syntaxin 4 increased (2-fold) cell surface TNF.
Similar experiments were also performed in cells over-face TNF staining after 1 hr. Injection of GST alone or
of GST-Syntaxin 2 had little or no effect on trafficking expressing GFP-tagged, full-length Munc18c. In con-
trast to cells overexpressing HA-Syntaxin 4, we did notof TNF to the cell surface (Figure 3A). However, GST-
Syntaxin 4 significantly reduced (3-fold) surface stain- observe any significant effect of GFP-Munc18c overex-
pression on TNF delivery to the cell surface (Figureing of TNF in the majority of cells. These data, together
with the LPS-responsive expression of Syntaxin 4, 3B). There are several models for how SM proteins might
participate in membrane fusion. In different cell types,strongly suggest that Syntaxin 4 plays a crucial role in
the docking and fusion of TNF-containing secretory overexpression of Munc18 produces varied effects [18–
20]. The wild-type form has no effect on dense corevesicles at the macrophage cell surface. Interestingly,
cells microinjected with the Syntaxin 4 fusion protein, granule exocytosis in PC12 cells, where it functions at
a late stage, after Syntaxins, in membrane fusion [19];but not with either GST alone or GST-Syntaxin 2, were
noticeably reduced in size and did not exhibit the dra- whereas, in adipocytes, Munc18c blocks insulin-stimu-
lated GLUT-4 trafficking [18, 20]. In our cells, Munc18cmatic cell ruffling typically induced by activation of mac-
rophages [17]. This further suggests that disrupting the overexpression failed to affect secretion, either because
its role is not rate limiting or because the high Munc18cfunction of Syntaxin 4 might have a more profound effect
on membrane traffic to the cell surface and indeed on levels induced by LPS already fulfill any requirement for
it. Finally, it is possible that overexpressed Munc18c inthe ability of macrophages to undergo morphological
changes required for activation and acquisition of their the cytosol is not available for events at the plasma
membrane. In adipocytes, coexpression of Syntaxin 4immune-competent phenotype.
Because LPS induced a significant increase in the is necessary to relocate excess cytosolic Munc18c to
the membrane [18].levels of Syntaxin 4 in macrophages, we reasoned that
the expression of this protein and/or its binding partners The present data provide novel molecular insights into
our understanding of regulated cytokine secretion inmay be a rate-limiting factor for TNF secretion. To test
this, we examined TNF trafficking in macrophages that macrophages. The levels of many proteins are modified
in activated macrophages to equip this cell with thewere transfected with the full-length Syntaxin 4 cDNA
containing a HA-epitope to distinguish it from the endog- most effective means of responding to an immune chal-
lenge [21]. Central to this adaptation is the rapid andenous protein. HA-Syntaxin 4 was targeted to the cell
surface in a manner similar to that of the endogenous marked modification in the secretory system, which is
required for secretion of proinflammatory factors andprotein. Strikingly, overexpression of Syntaxin 4 in mac-
rophages resulted in a significant increase in cell surface for the extension of pseudopods or membrane ruffles
involved in cell motility and phagocytosis. In this study,levels of TNF (Figure 3C). These data indicate that
overexpression of HA-Syntaxin 4 facilitated or aug- we have shown that a subset of cell surface SNAREs
are markedly and rapidly upregulated in response tomented the delivery of TNF to the cell surface. Consis-
tent with this, we observed a highly significant correla- activation. The increased level of Syntaxin 4 and the
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Figure 3. The t-SNARE Syntaxin 4 Regulates
Cell Surface Delivery of TNF
(A) Cells were microinjected with fusion pro-
teins corresponding to the cytoplasmic tails
of Syntaxin 2 and Syntaxin 4 [13] (GST-Syn2-
tail, GST-Syn4-tail, and GST alone) diluted in
microinjection buffer (10 mM KH2PO4 [pH 7.2]
and 75 mM KCl, containing Texas red-conju-
gated dextran) to a final concentration of 1
mg/ml. After 5 hr of recovery, cells were
treated with LPS and TACE inhibitor for 1 hr,
then fixed and immunostained for surface
TNF. The levels of surface TNF staining
(green) in microinjected cells, depicted by
Texas red staining, were compared to sur-
rounding uninjected cells. Images were ana-
lyzed to measure pixel intensity within a de-
fined area at the cell surface; 50 injected cells
were measured for each condition in three
separate experiments, and the results are
shown in the graph along with standard errors
of the mean.
(B) GFP-Munc18c cDNA (10 g) was intro-
duced into RAW264 cells by electroporation;
the next day, cells were treated with LPS to
induce synthesis of TNF and were treated
with TACE inhibitor for 1 hr prior to fixation.
Unpermeabilized cells were immunostained
to detect surface TNF, which was then as-
sessed on GFP-labeled cells compared to
surrounding cells. These images are repre-
sentative of50 fields containing transfected
cells in each of three separate experiments.
(C) A cDNA (10 g) encoding HA-tagged Syn-
taxin 4 was electroporated into cells that were
then treated with LPS and TACE inhibitor. Un-
permeabilized cells were immunostained to
detect surface TNF, then cells were perme-
abilized and stained with an HA antibody.
TNF surface staining was compared in cells
expressing HA-Syntaxin 4 and in untrans-
fected cells in three replicate experiments.
Images were analyzed to measure pixel inten-
sity within a defined area at the cell surface;
50 transfected cells were measured in each
of three separate experiments, and the re-
sults are shown in the graph with standard
errors of the mean.
finding that we can increase TNF delivery by overex- on macrophage function, both inhibiting its ability to
secrete TNF and to undergo membrane ruffling. Syn-pressing Syntaxin 4 demonstrate that this upregulation
of t-SNAREs is a necessary in vivo event for this regu- taxins, including Syntaxin 4, have also been localized
on phagosome membranes in macrophages [22]. Thus,lated secretion. Interfering with the function of the
t-SNARE, Syntaxin 4 has a profound modulatory effect interfering with the function of these SNAREs in macro-
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